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Abstract
One of the most popular models that is known to be able to solve the lepton flavour uni-
versality violating charged (b→ c) and neutral current (b→ s) anomalies is the Leptoquark
Model. However, collider searches for such leptoquarks till date are only restricted towards
their scalar counterpart. In this work we examine the multijet + ET/ collider signatures of
a vector leptoquark (U1) which has the potential to mediate both the charged and neutral
current processes at tree level. From our collider analysis we derive the exclusion mass limits
for the U1 leptoquark at 95% C.L. at the current and future experiment of Large Hadron
Collider. We also calculate the effect of such a leptoquark in B → pi observables. These
can be used as further benchmarks if a hint towards the presence of such a leptoquark is
discovered.
I Introduction
The Standard Model (SM) of particle physics is the most successful theoretical description of the
experimentally detected spectrum of fundamental particles till date. This description is based
on the gauge invariance of the local group SU(3)C × SU(2)L × U(1)Y. The quarks and leptons
enter this description as independent fields. However, the success of the SM as a quantum field
theory is crucially dependent on the cancellation between the lepton and quark contributions to
triangle anomalies of gauged currents. As such, it is only logical to expect that a more fundamen-
tal description of these particles might incorporate an interrelation between the quarks and the
leptons [1].
The Leptoquark (or Lepto-quark) (LQ) is such an extension of the SM where the LQs are hy-
pothetical particles which mediate interactions between quarks and leptons at tree-level. Such
scenarios emerge naturally in several extensions of the SM (e.g., composite models [2], Grand
Unified Theories [3–10], superstring-inspired E6 models [11–14] etc).
The discovery of LQs would thus be a signal for matter unification. As such, these particles
have extensively been discussed theoretically for over forty years, both from the point of view of
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their diverse phenomenological aspects [15–17], and specific properties [1, 18–39]. A considerable
amount of work regarding LQs has also been undertaken from the experimental side. However,
the major part of these searches have been directed towards scalar LQs [40–44]. Experimental
studies on vector LQs, though present in the literature [45], are scarce in number.
On a different note, there have been constant and consistent hints towards the presence of lep-
ton flavour universality violating (LFUV) new physics (NP) both in charged-current [46–51] and
neutral-current [52–54] processes over the last few years. These flavour anomalies exhibit diverse
phenomenological roles in validating/invalidating or constraining a plethora of existing NP models.
Various versions of LQ models have also been used in explaining these anomalies [34,55–64]. The
advantage in doing so is that LQ is one of those few models which allow for all the different kinds of
NP interactions (based on their Lorentz structures, viz. scalar, pseudo-scalar, vector, axial-vector
and tensor) that have the potential to explain such deviations. If LQs are potential candidates
for explaining such anomalies, it is imperative that one carefully investigates the production and
decay signatures of these entities and predict observables which help in their detection. As a
result, the phenomenological community has recently displayed a lot of interest in collider studies
of LQs [24–26,28,31,32].
However, collider searches dedicated to vector LQs in particular are very limited in the literature.
In fact, due to the unavailability of cross section limits on vector LQs from both CMS and ATLAS,
there is no practical bound on the mass of vector LQs. As such one can provide a rough estimate
on the mass limit for other LQs using a reasonable guess from cross section bounds obtained for the
scalar LQs. In this regard ref [28] argues that searches for scalar LQs are very sensitive to vector
LQs too, and the differences in the corresponding efficiencies are small enough. In the present
article, we investigate the collider signatures as well the corresponding effects in B → pi transitions
for one such vector LQ U1, which contributes to both charged current (b→ c) and neutral current
(b→ s) anomalies1. This LQ has baryon and lepton number conserving couplings. Consequently,
there is no possibility of proton decay being mediated by U1
2. In this set up we perform the
comprehensive collider analysis of U1 vector LQ (VLQ) via multijet + ET/ final states. We have
studied two scenarios assuming the above vector leptoquark to couple to: (i) only third generation
of quarks and leptons and (ii) all three generations of quarks and leptons. We have utilized several
interesting kinematic variables which best exploit the available kinematic information between the
signal and background events to maximize the collider reach for 13 TeV LHC. Our analysis shows
that the U1 VLQ can be excluded upto 1.3 TeV at 95% C.L. for an integrated luminosity of 100
fb−1.
The paper is organised as follows. We briefly describe the Lagrangian for the U1 VLQ and set our
convention in section II. Section III is about the collider analysis for U1 via multijet + ET/ final
states. Section IV predicts the values for B → pi observables mediated by the U1 VLQ. Finally,
we summarize our results in section V.
1A complete analysis of such anomalies in the LQ model would require the calculation of additional interactions
mediated by LQ’s other than U1. However, U1 is the only vector LQ that contributes to both charged and neutral
current anomalies at tree level. This is one of the main motivations behind our current article.
2At this point we remark in passing that, the lepton and baryon number violating LQs are very heavy in order
to avoid bounds from proton decay. However, the LQs with the baryon and lepton number conserving couplings
restrict proton decay and could be light enough to be seen in the LHC.
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II Effective Lagrangian of U1 vector Leptoquark
It has been already mentioned that, LQs are special particles that appear naturally in particular
extensions of the SM. Depending on the considered model, the LQs may be scalar (spin 0) or
vector (spin 1) particles. All the LQs are colour-triplet and carry both baryon as well as lepton
numbers. As a consequence they are able to mediate transitions between the quark and lepton
sectors. Apart from the SM particles, a general LQ model3 contains at least two massive neutrinos
and twelve LQ particles. Among the twelve LQs, six are scalars (S3, R2, R˜2, S˜1, S1, S¯1) and the rest
(U3, V2, V˜2, U˜1, U1, U¯1) transform vectorially under Lorentz transformations. As discussed earlier,
the focus for the rest of our article will be on U1 VLQ. The interaction Lagrangian for the U1
VLQ with the SM fermion bilinear that serves our purpose can be written as [65]:
LLQU1 =
(
hij1LQ¯iLγ
µLjL + h
ij
1Rd¯iRγ
µljR
)
U1µ + h.c.. (1)
The gauge quantum numbers for Uµ1 under the SM gauge group SU(3)C × SU(2)L × U(1)Y are
(3,2, 4
3
). QTL ≡ (u d) denotes the left handed quark doublet, LTL ≡ (νl l) stands for the left
handed lepton doublet, dR is the right handed down type quark singlet and lR represents the
right handed charged lepton. hij1L(R) are the left (right) handed gauge coupling constants while
i, j ≡ 1, 2, 3 specify the fermion generation indices.
III Collider analysis
We begin our collider analysis by specifying the two signal topologies that we consider:
(i) p p→ U1U1 → (t ν¯) + (t¯ ν); (2)
(ii) p p→ U1U1 → (j ν¯) + (j ν), (3)
where j corresponds to jets from all three generation of quarks. Note that the U1 represents the
anti-particle of the U1 VLQ. The signal in eq. 2 is characterized by the presence of di-top and
large missing energy (/ET ) in the final state which we designated as di-top signal. For this signal,
we have assumed that the U1 VLQ couples only to the third generation quarks and leptons by
assigning non-zero values to the corresponding couplings while setting the other couplings to zero.
Furthermore, we also consider the coupling of U1 to top quark and neutrino to be equal to that
of the bottom and tau-lepton in order to simplify4 our analysis. Therefore, the branching ratio
for each channel is approximately 50%. Each top quark in the final state is assumed to decay
hadronically. Since the top quark is produced from the (very heavy) U1 VLQ, it is boosted. The
corresponding decays are hence collimated and fall inside a large radius jet (marked by green blobs
in fig. 1) which is discussed below. For this signal we demand at least two large radius jets with
transverse momentum (PT ) > 50 GeV and large missing transverse energy. In addition, before
forming the large radius jets we also require events to have at least one b-jets and then passed
the event through fastjet to construct the large radius jets. The signal given in eq. 3 consists of
3For detailed discussions regarding LQ scenarios, one can look into [65].
4However, a more general analysis can be done using different values for the couplings. Such an analysis can
potentially provide limits in coupling-mass plane. We, however, choose to make the analysis as simple as possible
by reducing free parameters of the model.
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multijets and large missing energy in the final state which we dubbed as di-jet signal. Here, the
U1 VLQ couples to all three generations of quarks and leptons. Hence, the jets in the final state
may also include jets from the top quark. However, the large radius jet criteria is not very useful
in this case since the number of events that contains top quark is now less in number compared to
the earlier signal. We hence demand the presence of large missing transverse energy and multijets
in the final state for this signal. Since both the signals have multijets in the final state, we further
demand that there should at least be two jets in the final state with P jT ≥ 20 GeV and |ηj| ≤ 2.4
and the reconstructed leptons (electrons and muons) with P lT ≥ 10 GeV and |ηl| ≤ 2.4 are vetoed
for the both of them.
The SM processes which contribute as backgrounds to the above final states are tt¯ + jets,
tt¯(W±/Z/h) + jets, tW± + jets, V+ jets, V V+ jets, V V V+ jets where V = W±, Z and
QCD multijets (up to four jets). Since the QCD multijets have very small missing transverse
energy, it can be handled using a moderate to large missing energy cut, so the dominant con-
tribution comes from the top pair events, tri-boson and di-boson backgrounds. The significance
for both the signals can be maximized subject to appropriate choices for the kinematic variables.
The events corresponding to the signal and SM backgrounds in our analysis have been generated
using Madgraph5 [66] with the NNPDF3.0 parton distribution functions [67]. The UFO model
files required for the Madgraph analysis have been obtained from FeynRules [68] after a proper
implementation of the model. Following this parton level analysis, the parton showering and
hadronisation are performed using Pythia [69]. We use Delphes(v3) [70] for the corresponding
detector level simulation after the showering/hadronisation. The jet construction at this level has
been performed using fastjet [71] which involves the anti-KT jet algorithm with radius R = 0.5
and PT > 20 GeV. The hard-jet background as well as the signal events have been properly
matched using the MLM matching scheme [72]. Both the signal and backgrounds except V+jets
are matched up to 2 jets and matching for V+jets are done up to 4 jets. After getting the recon-
structed jets in each event, we again pass the jets through the fastjet with radius5 R = 0.8 to get
the large radius jets with PT > 50 GeV for the di-top signal.
The cross section used in this analysis for the background process tt¯ is 815.96 pb [73] as calculated
with the Top++2.0 program to NNLO in perturbative QCD, with soft-gluon resummation to
NNLL order assuming a top quark mass of 173.2 GeV. For the tW±, we have used the NLO +
NNLL order cross section which is 71.7 pb [74]. For the processes, tt¯W± and tt¯Z the NLO cross
section is used as 0.6448 pb and 0.8736 pb [75] respectively. The single vector boson production
cross section used in this analysis is 6.18× 104 pb (1.979× 104 pb) for W±+jets (Z+jets) [76] at
NNLO. The NNLO production cross section for the di-boson process is 118.7 pb [77], 16.91 pb [78]
and 51.0 pb [79] for W+W−, ZZ and ZW± respectively. Finally, the cross section for tri-boson,
QCD multijets backgrounds are taken from the Madgraph. For the signal, we have used the LO
cross section calculated from the Madgraph to give a conservative collider reach.
The signal topology as in eq. 2 is shown in fig. 1 where each U1 VLQ decays to the top quark and
neutrino. Subsequently, the top quark decays hadronically and the decay products are collimated
because they are produced from a highly boosted top quark. The deep green blobs are diagram-
matic representation of the large radius jets denoted as tj (t¯j) from the top (anti-top). The signal
5Since the top will be highly boosted, the top decay products will fall in the large radius jets of radius of 0.8
on a statistical basis and we have also checked that changing the jet radius will have mild effect on the results
presented here.
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Figure 1: This is a representative diagram for the pair production of the U1 VLQ, each of which
subsequently decays to the top quark and neutrino. The top (anti-top) quark further decays
hadronically leading to multijets and missing energy in the final state. Since the top (anti-
top) is produced from the U1 VLQ, it is highly boosted and hence the decays are collimated.
The collimated objects are diagrammatically represented as green blobs. The black dashed lines
represent the neutrinos which are undetected in the detector and give rise to momentum imbalance,
viz. the missing transverse momenta.
topology corresponding to eq. 3 can be represented pictorially with the top quarks being replaced
by jets. We hence refrain from providing a similar diagram for the same.
Several kinematic variables have been used in our analysis which utilize the available kinematic
information to maximize the significance. They are: missing transverse energy ( /ET ), transverse
mass variable MT2 [80–89],
√
sˆmin [90–95] and razor variables [96–99] which we discuss briefly in
what follows.
The missing transverse energy, /ET , is the momentum imbalance in the transverse direction. It
is expected to have a significant value subject to the presence of invisible particles in the final
state. Otherwise, it attains a comparatively smaller non-zero value owing to miss-measurement.
Since both the signals have neutrinos in the final state, they generate a significant amount of
missing energy. The missing energy corresponding to the background events, however, is mostly
due to miss-measurement except for some small fraction of events where neutrinos contribute.
Fig. 2, (left panel) shows the distribution of missing transverse energy for signal and backgrounds
where the red colour corresponds to signal and only the dominant backgrounds are displayed.
The signal in this case corresponds to di-top final state for a U1 VLQ of mass 1 TeV. The missing
energy distribution corresponding to the other signal for the same U1 VLQ mass remains similar as
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Figure 2: The variable missing transverse momentum (left panel) and
√
sˆmin (right panel) are
displayed here. The signal, in red colour, here corresponds to the pair production of the U1 VLQ
with mass 1 TeV. The dominant (sub-dominant) backgrounds, tt¯ + jets, tt¯V + jets, V + jets,
V V + jets, V V V + jets, with V = W±/Z are displayed in orange, green, blue, magenta, and
black respectively.
expected. One can immediately verify that /ET for the signal peaks at a value that is much higher
compared to the backgrounds where it peaks at values close to zero. Hence, /ET is an important
variable suitable for handling the large SM backgrounds.
The mass bound variable
√
sˆmin has been proposed to measure the mass scale associated with
new physics. This is a global and inclusive variable which can be applied for any event topology
without caring about the number of parent and the number of invisible particles involved in the
topology. When there are invisible particles present in the final state, it is very challenging to
get the information of the partonic CM energy,
√
sˆ, which is nothing but the mass of the heavy
resonance for singly production or the threshold of the pair production.
√
sˆmin is an interesting way
out where the peak (end-point) of the distribution is nicely correlated with the pair production
(singly produced heavy resonance). For a given event, it is defined as the minimum partonic
CM energy that is required to produce the given final state particles and the measured missing
transverse energy. Mathematically,√
sˆmin(minv) =
√
(Evis)2 − (P visz )2 +
√
6 ~P 2T +m2inv, (4)
where minv is sum of the invisible particle masses while E
vis =
∑
j e
vis
j is the total visible energy
and P visz =
∑
j p
z
j stands for total longitudinal component of the visible momenta of the recon-
structed objects. The above expression for
√
sˆmin is obtained after minimizing
√
sˆ with respect
to the invisible momenta subject to the missing transverse momentum constraints. Fig. 2, (right
panel) shows the distribution of
√
sˆmin. Similar to the earlier case, the distribution in red corre-
sponds to the signal for a U1 VLQ of mass 1 TeV. By construction,
√
sˆmin peaks at the threshold
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Figure 3: The variables MT2 (left panel) and mR (right panel) are displayed where the red coloured
histogram corresponds to the signal for a U1 VLQ of mass 1 TeV. As discussed in the text, the
endpoint corresponding to MT2 falls at MU1 =1 TeV and mR peaks at MU1 .
for the pair production. Considering the pair production of U1 as our signal, the peak at 2 TeV
hence matches well with the theoretical expectation for the variable. Since the threshold for the
backgrounds are much smaller compared to the signal, this variable is also a smart choice as far
as reducing the SM backgrounds is concerned.
The (1 + 2) dimensional transverse mass variable, MT2, plays a pivotal role in reducing the
background events. As a result, the signal significance is satisfactorily enhanced even though this
variable was initially defined for the mass measurement of new particles both in long and short
decay chains. The kinematic variable MT2 is defined as the maximum transverse mass between
the two parents satisfying the missing transverse momenta ( 6 ~PT ) constraints and then minimizing
over the momenta of the invisible particles (e.g. neutrino).
MT2(mν) ≡ min
~qiT∑
~qiT=
~/PT
[
max
i=1,2
{M (i)T (piT , qiT ,mvis(i);mν)}
]
, (5)
where the M
(i)
T for each decay chain are,
(M
(i)
T )
2 = m2vis(i) +m
2
ν + 2(E
vis(i)
T E
ν(i)
T − ~piT .~qiT ) (6)
E
vis(i)
T =
√
m2vis(i) + p
2
iT , E
ν(i)
T =
√
m2ν + q
2
iT . (7)
In the above ~piT and ~qiT , E
vis(i)
T and E
ν(i)
T are the transverse momentum, transverse energy of the
large radius jet from top (anti-top) and neutrino respectively. Note that the visible quantities
in each event for the di-top (di-jet) signal, are the two hardest PT large radius jets (hardest PT
jets). The remaining reconstructed quantities are assumed to be soft and do not change the
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MT2 distribution significantly. Note that the minimization, in the definition of MT2, acts over all
the partitions of missing transverse constraints. The maximization, on the other hand, is done
between the two transverse masses for each partition. This ensures that the resulting MT2 gets
closer to the U1 mass, MU1 . By construction, MT2 ≤ MU1 where the equality holds when the top
(anti-top) quark and the anti-neutrino (neutrino) are produced with equal rapidity. Hence, for the
correct input mass of the invisible daughter particle, the endpoint for MT2 is at the mass of the U1
VLQ MU1 . The neutrino mass being very small, we assume it to be zero for the MT2 calculation.
In fig. 3, (left panel) the MT2 distribution is displayed where the red colour corresponds to the
signal. Since the mass of the U1 VLQ is taken to be 1 TeV, the end-point of the distribution, as
expected, is at the same value albeit with very small number of events. Most of the backgrounds
fall sharply at around 200 GeV which makes this mass bound variable extremely important in
maximizing the signal to background ratio.
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Figure 4: The dimensionless ratio of razor variables, R, in the y-axis and mR in the x-axis with
normalized events in the coloured bar represented for the signal and for some dominant (sub-
dominant) background events like di-boson, tri-boson and associated production of vector boson
with top quark pair. The distribution for the other background events are similar and hence are
not included in the plots here. By construction, as discussed in the text, the variable R peaks for
higher values of the variables for the signal. For backgrounds however, it is peaks near zero. The
variables R and mR are very effective in distinguishing the signal from the background events.
The razor variable is another interesting observable well known for handling SM backgrounds
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with di-jet6 and missing transverse energy produced from the pair production of heavy resonance.
Assuming the heavy resonances are produced at the threshold, which is true for many BSM
scenarios except the cases when the resonance is not so heavy, one calculates the two following
mass variables:
mR =
√
(|~pj1|+ |~pj2|)2 − (pzj1 + pzj1)2, (8)
mTR =
√
1
2
[| 6 ~PT |(pj1T + pj2T )− 6 ~PT .(~pj1T + ~pj2T )]. (9)
In the razor frame, the longitudinal component of the momentum of the two visible decay products
are equal and opposite. With this assumption, the variable mR will display a peak at the mass of
the U1 VLQ, MU1 (where the neutrino mass is assumed to be zero). The transverse mass, mTR,
contains the information of the missing transverse energy due to neutrinos for signal events. The
missing energy for most the background events is due to mis-measurement. Although there are
some background events which contain neutrino(s) in the final state, the number of events with
such a final state is very small statistically and does not contribute much. Therefore, for signal
events mTR ≤ MU1 while no such relation exist for the background events. In order to better
discriminate the signal and background events a dimensionless ratio is defined as follows,
R ≡ mTR
mR
. (10)
While R for backgrounds will peak at zero, for the signal it will peak at higher values giving a
better discrimination between the two. The variable mR is represented in fig. 3 (right panel).
It is immediately evident that it peaks at the mass of the U1 VLQ for the signal events. The
corresponding peak for backgrounds is at comparatively smaller values. The dimensionless ratio
R is displayed in fig. 4 which represents a 2 dimensional histogram where the colour axis represents
the normalized events. The variable mR along with the dimensionless ratio R is appropriate for
handling the background events efficiently. Since the signal peaks at higher values of R and mR
in the R−mR plane compared to the backgrounds, a moderate cut on both R and mR would be
sufficient in order to minimize the backgrounds.
We now utilize these (efficient) variables for a cut based analysis in order to maximize the signal
significance motivated from the distribution of the variables. The cuts used are:
• /ET > 450 GeV,
• √sˆmin > 1400 GeV,
• MT2 > 400 GeV,
• mR > 600 GeV,
• R > 0.5.
6In this analysis we have selected events with at least two large radius jets (two nominal jets) to calculate the
razor variables for the di-top (di-jet) signal. For more than two large radius jets (nominal jets) we select the two
which are the hardest.
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Figure 5: The exclusion limit at 95% C.L. for the 13 TeV CM energy presented for the signal
corresponding to the di-top channel (left panel). The limit slightly drops down (right panel) when
the U1 VLQ couples to all three generations. The exclusion limits are calculated for luminosities
100fb−1 (green band), 300 fb−1 (blue band) and 3000 fb−1 (black band) with 10% statistical
uncertainty for the SM background.
Since the signal (as in eq. 2) consists of a top pair in the final state, there will at least be two
b-jets present in each event. Hence, we require at least one7 b-jet in each event which is very
helpful in reducing the di-boson and single vector boson backgrounds. We drop the b-jet tagging
for the signal mentioned in eq. 3 because, for this scenario, there will be no b-jet in the final state
in many cases. Furthermore, we have not considered the large radius jets in this case because
of the presence of first and second generation quarks in the final state which will not form large
radius jets. The razor variables and MT2 for the di-jet signal are calculated using the two hardest
PT jets and missing transverse energy.
Using the above cuts without much optimization, we have enumerated the statistical significance
of the aforementioned signals using the following formula:
S =
√
2× [(Ns +Nb(1 + b)) ln(1 + Ns
Nb(1 + b)
)−Ns]. (11)
Here, Ns(Nb) denotes the number of signal (background) events after implementing all the cuts
at a specific luminosity. The b corresponds to the systematic uncertainty present in the SM
background events which is taken to be 10% in this analysis. Using eq. 11 for the di-top signal,
we find that the VLQ can be excluded up to 1.3 TeV at 95% C.L. for 13 TeV LHC with 100
fb−1 integrated luminosity. For higher values of the luminosity like 300 fb−1 (3000 fb−1), one can
exclude the VLQ up to 1.4 TeV (1.5 TeV) at the same C.L. at the LHC. Similarly, for the di-jet
signal where the VLQ couples to all three generations, it can be excluded up to 1.1 TeV with 95%
C.L. for 13 TeV LHC with 100 fb−1 of integrated luminosity. This limit can reach a value as high as
1.3 TeV if we increase the integrated luminosity to 3000 fb−1 for 13 TeV LHC. In Fig. 5 we depict
7Although tagging two b-jets seems more logical but b-tagging essentially comes with its efficiency [100] which
is close to 70% for a PT of approximately 150 GeV with a mis-tagging efficiency of 1.5%. Hence, tagging two b-jets
is not very economical. We have checked that the single b-jet requirement is enough to reduce di-boson and single
vector boson backgrounds.
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the exclusion limit at 95% C.L. for
√
s = 13 TeV for signal 2 (left panel) and signal 3 (right panel)
respectively. The dotted lines denote the central value at 2σ significance. We also incorporate a
systematic uncertainty of 10% in calculating the backgrounds which results in the band(s). The
green, blue and black lines denote the exclusion limits for 100, 300 and 3000 fb−1 integrated
luminosity (Lint) respectively and the red line denotes the effective theoretical production cross-
section, at the leading order, with the variation of the mass of VLQ. As is evident from the figure,
the limit is slightly stringent when the VLQ couples to third generation quarks and leptons only.
This is due to the removal of the b-tagging criteria and the large radius jets in the analysis which
help in reducing the single vector boson backgrounds efficiently.
IV Prediction of B → pi observables
Flavour physics has been instrumental in the search for NP which has been the main interest of
the current phenomenological community for the last decade. The RD(∗) and RK(∗) ratios with
deviations of about 4σ and 2.6σ from their SM values respectively, along with other observables,
have been much discussed as probes for such LFUV NP. However, these observables can probe such
NP in b→ c and b→ s sub-quark processes only. If it is indeed present, there is apriori no reason
for such NP to not be reflected in other sub-quark transitions. Hence, there has been active interest
in defining observables sensitive to such NP subject to other sub-quark transitions. To that end,
the B → pilν processes provide a favourable probe for testing LFUV NP in b → u transitions8.
While the purpose of our present article is not probing such NP in the b→ u sub-quark processes,
it might be interesting to explore the effects of the U1 VLQ in B → pi observables9. In fact, as we
will shortly find out, the forward-backward asymmetry (AFB) and the polarization (Pτ ) for the τ
lepton can be used as definitive probes for the U1 VLQ.
The effective Lagrangian for a b→ ulν decay with all possible vector and scalar Wilson coefficients
(WCs) can be written as [104,105]:
Leff = −4GF√
2
Vub
[
(1 + C lV1)l¯LγµνLu¯Lγ
µbL + C
l
V2
l¯LγµνLu¯Rγ
µbR + C
l
S1
l¯RνLu¯RbL + C
l
S2
l¯RνLu¯LbR
]
(12)
where GF is the Fermi constant for weak interactions, Vub is the relevant CKM element for b→ u
quark transitions and q, lL(R) are the chiral quark and lepton fields with L(R) =
1
2
(1 ∓ γ5).
The U1 VLQ does not contribute to all of the above mentioned WCs, but only to C
l
V1
and C lS1 .
In accordance with [55] which provides the complete list of WCs relevant for LQ models and
8This mode is also crucial for the extraction of Vub [101–103].
9The prospect of U1 (among other LQs) in explaining the deviation of the experimental measurements for the
RD∗ and RK ratios from their respective SM predictions is discussed in ref. [38].
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contributing to b→ cτν, the corresponding b→ ulν WCs for the U1 VLQ can be written as10:
C lV1 =
1
2
√
2GFVub
3∑
k=1
Vk3
hul1Lh
kl
1L
M2
U
2/3
1
C lS1 = −
1
2
√
2GFVub
3∑
k=1
Vk3
2hul1Lh
kl
1R
M2
U
2/3
1
(13)
where l = e, µ, τ , Vk3 denotes the CKM elements and the upper index of the LQ denotes its
electric charge. We discard the contribution from the Cabibbo suppressed terms and keep the
leading terms proportional to V33 = Vtb.
The matrix element for a B → pi transition is written in terms of two form factors f0 and f+ as:
〈pi(ppi)|u¯γµb|B(pB)〉 = f+(q2)[(pB + ppi)µ − m
2
B −m2pi
q2
qµ] + f0(q
2)
m2B −m2pi
q2
qµ, (14)
where ppi and pB are the 4 momenta of the pi and B mesons respectively and q = pB − ppi is the 4
momentum transfer. Using the above form factors and WCs, the q2 dependent differential decay
width for a B → pilν transition mediated by a U1 VLQ is given by [55]
dΓ(B → pilν)
dq2
=
G2F |Vub|2
192pi3m3B
q2
√
λ(q2)(1− m
2
l
q2
)2 × {|1 + C lV1 |2[(1 +
m2l
2q2
)H20 +
3m2l
2q2
H2t ]
+
3
2
|C lS1|2H2S + 3Re[(1 + C lV1)C l∗S1 ]
ml
q2
HSHt]} . (15)
In the above, λ = m4B +m
4
pi + q
4− 2(m2Bm2pi +m2piq2 +m2Bq2). The H’s are the helicity amplitudes
which can be written down in terms of the two form factors f+ and f0 as:
H0(q
2) =
√
λ(q2)
q2
f+(q
2),
Ht(q
2) =
m2B −m2pi√
q2
f0(q
2),
HS(q
2) =
m2B −m2pi
mb −mu f0(q
2), (16)
where mB and the mpi are the masses of the B and pi mesons respectively.
The two form factors f+ and f0 that appear in eqs. 14 and 16 can in turn be parametrized in
terms of a z-series expansion using light cone sum rule (LCSR) results as input. The q2 dependence
of these form factors for the whole of the di-lepton invariant mass region can be obtained from
ref [106]. The values for the (LCSR) input parameters used in our analysis can be found in table 1.
10Our notation for the LQ couplings are slightly different from the one generally used in the literature. For
example, hul1L is generally written as h
1l
1L where the 1 in the superscript represents quarks from the first generation.
However, for l = e, the second term in the numerator of ClV1 is generally written as h
k1
1L but this time the number
1 represents first generation leptons. To avoid such confusions, we label the couplings using letters corresponding
to the various quark and lepton generations where l = e, µ, τ
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Name Values
f+(0) 0.281± 0.028
f0(0) −1.62± 0.70
b1 −1.62± 0.70
b01 −3.98± 0.97
Table 1: Values for the input parameters for form factors in accordance with ref. [106].
In order to predict the values of observables with the potential to probe the effect of the U1 VLQ
in B → pi transitions, it is necessary to first provide definitive bounds on the NP WCs (C lV1 and
C lS1 in eq. 13) which are instrumental in forming such observables. Since we provide observables
probing the exclusive process B+ → pi0lνl, we use the corresponding leptonic branching fractions
(B+ → l+νl) in order to constrain the related WCs. The experimental values corresponding to
the three generations of leptons can be found in ref. [107]. We list them here:
Br(B+ → e+νe) < 9.8× 10−7
Br(B+ → µ+νµ) < 1.7× 10−6
Br(B+ → τ+ντ ) = (1.09± 0.24)× 10−4 (17)
The theoretical expression for the lhs of eq. 17 is basically a function of the WCs given in eq. 13
and is given by [108]:
Br(B+ → l+νl) = G
2
FmBm
2
l
8pi
(
1− m
2
l
m2B
)2
f 2B |Vub|2 τB ×
∣∣∣ (1 + C lV1)+ m2Bml(mb +mu)C lS1
∣∣∣2, (18)
where fB = 190.5(4.2) MeV is the decay constant for the B
+ meson and τB is its lifetime.
Considering C lV1 and C
l
S1
to be real for numerical simplicity, we generate a large number of data
points for these WCs at the maximum (for each of e, µ and τ) and minimum (for τ) value for the
corresponding branching fractions, thus ensuring that these WCs satisfy the experimental bounds
due to the branching fractions. We then generate the same number of values for six observables:
• the forward-backward asymmetry (AlFB),
• the lepton polarization (Pl).
for for l = e, µ, τ . The values (and errors) for each of these observables agree upto the third decimal
place. Since the leptonic branching fractions for the light leptons are limits, the corresponding
constraints on the WCs translate into limits for the related observables as well. It is hence
not feasible to use these values as probe for the U1 VLQ. We hence refrain from showing these
observables and provide only AτFB and Pτ in table 2.
We see that the values (within errors) for these observables are different in the U1 LQ model from
their SM counterparts. The value for AτFB for the U1 VLQ is 4σ away from the corresponding SM
value. The corresponding deviation for Pτ is lesser (viz. 3.36σ). This is because the SM error for
Pτ is O(1) higher than that for AτFB. These can hence be used as unambiguous signals for probing
the presence of such NP and, can in principle, be explored in LHCb and Belle-II. We should
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Observables SM Value NP Value
AτFB 0.26± 0.01 0.174± 0.019
Pτ −0.21± 0.1 −0.577± 0.044
Table 2: Predicted ranges for the B → pi decay observables mediated by the U1 VLQ corresponding
to the Wilson coefficients CτV1 and C
τ
S1
bounded from 17 and their SM predictions.
mention here that since the bounds on the corresponding WCs are derived from the experimental
values of the leptonic branching fractions, they do not vary with the mass of the U1 VLQ. From
eq. 13 one can easily verify that the WCs for a particular generation of lepton are proportional
to the ratio of the product of the U1 VLQ couplings for that generation to the square of its mass.
On varying the mass, the couplings also vary so that the corresponding WC remains within the
range allowed by the branching ratios. For constant WCs in eq. 13, the relation between the real
and imaginary parts of the coupling product for a particular generation of lepton and the mass of
the U1 VLQ is parabolic.
V Conclusion
In this article, we consider a particular type of leptoquark scenario that contains the U1 leptoquark
which conserves baryon and lepton numbers. This leptoquark mediates both charged as well as
neutral current processes involved in the B-physics anomalies at tree level. On the other hand,
no involved collider search results for vector leptoquarks exist in the literature. In fact, there is
no practical bound on the mass of vector leptoquarks from any ongoing experiments. We have
hence performed a comprehensive collider analysis of the U1 vector leptoquark via multijet plus
missing transverse energy final states. Our analysis involves two different strategies, either the U1
leptoquark couples with only third generations of quarks and leptons or all generation of fermions.
In both cases, all the couplings share the same values. We have studied two signal topologies with
the mass of U1 ≥ O(1) TeV based on the two different strategies. We have constructed several
non-trivial kinematical variables which help us to reduce the SM background with respect to the
signals in our collider analysis. From our study, we have derived exclusion mass limits for the
U1 leptoquark at 95% C.L. for both signals corresponding to the 13 TeV LHC run with three
benchmark values for integrated luminosities. For example, for the first final state we can exclude
up to 1300 GeV for an integrated luminosity of 100 fb−1, 1375 GeV for 300 fb−1 and 1550 GeV
for 3000 fb−1. However, for the second case the corresponding limits are slightly relaxed. For
example, the mass limits for the three values of luminosities are 1100 GeV, 1175 GeV and for 1300
GeV respectively.
We have also provided the values of two observables : AτFB = 0.174±0.019 and Pτ = −0.577±0.044
for the exclusive mode B+ → pi0τ+ν with deviations of 4σ and 3.36σ from their SM values
respectively. Their ranges incorporate the corresponding errors due to the CKM elements and
form factor parameters. We emphasize that in addition to the collider observables discussed in
the previous section, these observables can also be used to probe the presence of NP due to the
U1 VLQ.
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Appendices
A B → pi observables
We predict the values for three observables, which will be defined in this section.
It is possible to write the angular differential decay width as [55]
d2Γ
dq2d cos θ
= alθ(q
2) + blθ(q
2) cos θ + clθ(q
2) cos2 θ. (A-1)
The angular coefficient blθ is responsible for the forward-backward asymmetry and is given by
blθ(q
2) =
G2F |Vcb|2
128pi2m3B
q2
√
λ(q2)
(
1− m
2
l
q2
)2
×
{
|1 + C lV1|2
m2l
q2
HSHt +Re[(1 + C
l
V1
)C l∗S1 ]
ml√
q2
HSH0
}
(A-2)
The forward-backward asymmetry for a lepton l in the final state can then be written as
AlFB =
∫
blθ(q
2)dq2
Γ
(A-3)
The q2 distributions for a given polarization of the τ lepton are,
dΓλl=1/2(B → pilν)
dq2
=
G2F |Vub|2
192pi3m3B
q2
√
λ(q2)
(
1− m
2
l
q2
)2
× {1
2
|1 + C lV1|2
m2l
q2
(H20 + 3H
2
t )
+
3
2
|C lS1|2H2S + 3Re[(1 + C lV1)C l∗S1 ]
ml√
q2
HSHt]}, (A-4)
dΓλl=−1/2(B → pilν)
dq2
=
G2F |Vub|2
192pi3m3B
q2
√
λ(q2)
(
1− m
2
l
q2
)2
× |1 + C lV1 |2H20 . (A-5)
The lepton polarization for a lepton l in the is then defined as
Pl =
Γ(λl = 1/2)− Γ(λl = −1/2)
Γ(λl = 1/2) + Γ(λl = −1/2) . (A-6)
In this work, we calculate the observables for the B+ → pi0lν mode. The resulting values are
reported in table 2.
15
References
[1] W. Buchmuller, R. Ruckl and D. Wyler, Leptoquarks in Lepton - Quark Collisions, Phys.
Lett. B191 (1987) 442–448.
[2] B. Schrempp and F. Schrempp, LIGHT LEPTOQUARKS, Phys. Lett. 153B (1985)
101–107.
[3] H. Georgi and S. L. Glashow, Unity of All Elementary Particle Forces, Phys. Rev. Lett. 32
(1974) 438–441.
[4] J. C. Pati and A. Salam, Is Baryon Number Conserved?, Phys. Rev. Lett. 31 (1973)
661–664.
[5] S. Dimopoulos and L. Susskind, Mass Without Scalars, Nucl. Phys. B155 (1979) 237–252.
[6] S. Dimopoulos, Technicolored Signatures, Nucl. Phys. B168 (1980) 69–92.
[7] P. Langacker, Grand Unified Theories and Proton Decay, Phys. Rept. 72 (1981) 185.
[8] G. Senjanovic and A. Sokorac, Light Leptoquarks in SO(10), Z. Phys. C20 (1983) 255.
[9] R. J. Cashmore et al., EXOTIC PHENOMENA IN HIGH-ENERGY E P COLLISIONS,
Phys. Rept. 122 (1985) 275–386.
[10] J. C. Pati and A. Salam, Lepton Number as the Fourth Color, Phys. Rev. D10 (1974)
275–289.
[11] M. B. Green and J. H. Schwarz, Anomaly Cancellation in Supersymmetric D=10 Gauge
Theory and Superstring Theory, Phys. Lett. 149B (1984) 117–122.
[12] E. Witten, Symmetry Breaking Patterns in Superstring Models, Nucl. Phys. B258 (1985)
75.
[13] D. J. Gross, J. A. Harvey, E. J. Martinec and R. Rohm, The Heterotic String, Phys. Rev.
Lett. 54 (1985) 502–505.
[14] J. L. Hewett and T. G. Rizzo, Low-Energy Phenomenology of Superstring Inspired E(6)
Models, Phys. Rept. 183 (1989) 193.
[15] S. Davidson, D. C. Bailey and B. A. Campbell, Model independent constraints on
leptoquarks from rare processes, Z. Phys. C61 (1994) 613–644, [hep-ph/9309310].
[16] J. L. Hewett and T. G. Rizzo, Much ado about leptoquarks: A Comprehensive analysis,
Phys. Rev. D56 (1997) 5709–5724, [hep-ph/9703337].
[17] P. Nath and P. Fileviez Perez, Proton stability in grand unified theories, in strings and in
branes, Phys. Rept. 441 (2007) 191–317, [hep-ph/0601023].
[18] O. U. Shanker, Flavor Violation, Scalar Particles and Leptoquarks, Nucl. Phys. B206
(1982) 253–272.
16
[19] O. U. Shanker, pi` 2, K` 3 and K0 − K¯0 Constraints on Leptoquarks and Supersymmetric
Particles, Nucl. Phys. B204 (1982) 375–386.
[20] W. Buchmuller and D. Wyler, Constraints on SU(5) Type Leptoquarks, Phys. Lett. B177
(1986) 377–382.
[21] J. L. Hewett and S. Pakvasa, Leptoquark Production in Hadron Colliders, Phys. Rev. D37
(1988) 3165.
[22] M. Leurer, A Comprehensive study of leptoquark bounds, Phys. Rev. D49 (1994) 333–342,
[hep-ph/9309266].
[23] M. Leurer, Bounds on vector leptoquarks, Phys. Rev. D50 (1994) 536–541,
[hep-ph/9312341].
[24] I. Dorsner, S. Fajfer and A. Greljo, Cornering Scalar Leptoquarks at LHC, JHEP 10
(2014) 154, [1406.4831].
[25] B. Allanach, A. Alves, F. S. Queiroz, K. Sinha and A. Strumia, Interpreting the CMS
`+`−jjE/T Excess with a Leptoquark Model, Phys. Rev. D92 (2015) 055023, [1501.03494].
[26] J. L. Evans and N. Nagata, Signatures of Leptoquarks at the LHC and Right-handed
Neutrinos, Phys. Rev. D92 (2015) 015022, [1505.00513].
[27] X.-Q. Li, Y.-D. Yang and X. Zhang, Revisiting the one leptoquark solution to the R(D())
anomalies and its phenomenological implications, JHEP 08 (2016) 054, [1605.09308].
[28] B. Diaz, M. Schmaltz and Y.-M. Zhong, The leptoquark Hunters guide: Pair production,
JHEP 10 (2017) 097, [1706.05033].
[29] B. Dumont, K. Nishiwaki and R. Watanabe, LHC constraints and prospects for S1 scalar
leptoquark explaining the B¯ → D(∗)τ ν¯ anomaly, Phys. Rev. D94 (2016) 034001,
[1603.05248].
[30] D. A. Faroughy, A. Greljo and J. F. Kamenik, Confronting lepton flavor universality
violation in B decays with high-pT tau lepton searches at LHC, Phys. Lett. B764 (2017)
126–134, [1609.07138].
[31] A. Greljo and D. Marzocca, High-pT dilepton tails and flavor physics, Eur. Phys. J. C77
(2017) 548, [1704.09015].
[32] I. Dorner, S. Fajfer, D. A. Faroughy and N. Konik, The role of the S3 GUT leptoquark in
flavor universality and collider searches, 1706.07779.
[33] B. C. Allanach, B. Gripaios and T. You, The case for future hadron colliders from
B → K(∗)µ+µ− decays, JHEP 03 (2018) 021, [1710.06363].
[34] A. Crivellin, D. Mller and T. Ota, Simultaneous explanation of R(D()) and bs+ : the last
scalar leptoquarks standing, JHEP 09 (2017) 040, [1703.09226].
[35] G. Hiller and I. Nisandzic, RK and RK∗ beyond the standard model, Phys. Rev. D96 (2017)
035003, [1704.05444].
17
[36] D. Buttazzo, A. Greljo, G. Isidori and D. Marzocca, B-physics anomalies: a guide to
combined explanations, JHEP 11 (2017) 044, [1706.07808].
[37] L. Calibbi, A. Crivellin and T. Li, A model of vector leptoquarks in view of the B-physics
anomalies, 1709.00692.
[38] S. Sahoo, R. Mohanta and A. K. Giri, Explaining the RK and RD(∗) anomalies with vector
leptoquarks, Phys. Rev. D95 (2017) 035027, [1609.04367].
[39] W. Altmannshofer, P. Bhupal Dev and A. Soni, RD(∗) anomaly: A possible hint for natural
supersymmetry with R-parity violation, Phys. Rev. D96 (2017) 095010, [1704.06659].
[40] CMS collaboration, D. Baumgartel, Searches for the pair production of scalar leptoquarks
at CMS, J. Phys. Conf. Ser. 485 (2014) 012053.
[41] ATLAS collaboration, G. Aad et al., Searches for scalar leptoquarks in pp collisions at
√
s
= 8 TeV with the ATLAS detector, Eur. Phys. J. C76 (2016) 5, [1508.04735].
[42] ATLAS collaboration, M. Aaboud et al., Search for scalar leptoquarks in pp collisions at√
s = 13 TeV with the ATLAS experiment, New J. Phys. 18 (2016) 093016, [1605.06035].
[43] CMS collaboration, A. M. Sirunyan et al., Search for third-generation scalar leptoquarks
and heavy right-handed neutrinos in final states with two tau leptons and two jets in
proton-proton collisions at
√
s = 13 TeV, JHEP 07 (2017) 121, [1703.03995].
[44] CMS collaboration, A. M. Sirunyan et al., Search for third-generation scalar leptoquarks
decaying to a top quark and a τ lepton at
√
s = 13 TeV, 1803.02864.
[45] CDF collaboration, T. Aaltonen et al., Search for Third Generation Vector Leptoquarks in
pp¯ Collisions at
√
s = 1.96-TeV, Phys. Rev. D77 (2008) 091105, [0706.2832].
[46] BaBar collaboration, J. P. Lees et al., Evidence for an excess of B¯ → D(∗)τ−ν¯τ decays,
Phys. Rev. Lett. 109 (2012) 101802, [1205.5442].
[47] BaBar collaboration, J. P. Lees et al., Measurement of an Excess of B¯ → D(∗)τ−ν¯τ Decays
and Implications for Charged Higgs Bosons, Phys. Rev. D88 (2013) 072012, [1303.0571].
[48] LHCb collaboration, R. Aaij et al., Measurement of the ratio of branching fractions
B(B¯0 → D∗+τ−ν¯τ )/B(B¯0 → D∗+µ−ν¯µ), Phys. Rev. Lett. 115 (2015) 111803, [1506.08614].
[49] Belle collaboration, M. Huschle et al., Measurement of the branching ratio of
B¯ → D(∗)τ−ν¯τ relative to B¯ → D(∗)`−ν¯` decays with hadronic tagging at Belle, Phys. Rev.
D92 (2015) 072014, [1507.03233].
[50] Belle collaboration, Y. Sato et al., Measurement of the branching ratio of B¯0 → D∗+τ−ν¯τ
relative to B¯0 → D∗+`−ν¯` decays with a semileptonic tagging method, Phys. Rev. D94
(2016) 072007, [1607.07923].
[51] Belle collaboration, S. Hirose et al., Measurement of the τ lepton polarization and R(D∗)
in the decay B¯ → D∗τ−ν¯τ , Phys. Rev. Lett. 118 (2017) 211801, [1612.00529].
18
[52] LHCb collaboration, R. Aaij et al., Test of lepton universality using B+ → K+`+`−
decays, Phys. Rev. Lett. 113 (2014) 151601, [1406.6482].
[53] LHCb collaboration, R. Aaij et al., Angular analysis of the B0 → K∗0µ+µ− decay using 3
fb−1 of integrated luminosity, JHEP 02 (2016) 104, [1512.04442].
[54] LHCb collaboration, R. Aaij et al., Test of lepton universality with B0 → K∗0`+`− decays,
JHEP 08 (2017) 055, [1705.05802].
[55] Y. Sakaki, M. Tanaka, A. Tayduganov and R. Watanabe, Testing leptoquark models in
B¯ → D(∗)τ ν¯, Phys. Rev. D88 (2013) 094012, [1309.0301].
[56] O. Popov and G. A. White, One Leptoquark to unify them? Neutrino masses and
unification in the light of (g − 2)µ, RD(?) and RK anomalies, Nucl. Phys. B923 (2017)
324–338, [1611.04566].
[57] C.-H. Chen, T. Nomura and H. Okada, Excesses of muon g − 2, RD(∗), and RK in a
leptoquark model, Phys. Lett. B774 (2017) 456–464, [1703.03251].
[58] D. Aloni, A. Dery, C. Frugiuele and Y. Nir, Testing minimal flavor violation in leptoquark
models of the RK (∗) anomaly, JHEP 11 (2017) 109, [1708.06161].
[59] I. G. B. Wold, S. L. Finkelstein, A. J. Barger, L. L. Cowie and B. Rosenwasser, A Faint
Flux-Limited Lyman Alpha Emitter Sample at z ∼ 0.3, Astrophys. J. 848 (2017) 108,
[1709.06092].
[60] D. Mller, Leptoquarks in Flavour Physics, in Proceedings, Workshop on Flavour changing
and conserving processes (FCCP2017): Anacapri, Capri Island, Italy, September 7-9,
2017, 2018, 1801.03380.
[61] G. Hiller, D. Loose and I. Niandi, Flavorful leptoquarks at hadron colliders, Phys. Rev.
D97 (2018) 075004, [1801.09399].
[62] S. Fajfer, N. Konik and L. Vale Silva, Footprints of leptoquarks: from RK(∗) to K → piνν¯,
Eur. Phys. J. C78 (2018) 275, [1802.00786].
[63] A. Biswas, D. K. Ghosh, A. Shaw and S. K. Patra, b→ c`ν anomalies in light of extended
scalar sectors, 1801.03375.
[64] A. Monteux and A. Rajaraman, B Anomalies and Leptoquarks at the LHC: Beyond the
Lepton-Quark Final State, 1803.05962.
[65] I. Dorner, S. Fajfer, A. Greljo, J. F. Kamenik and N. Konik, Physics of leptoquarks in
precision experiments and at particle colliders, Phys. Rept. 641 (2016) 1–68, [1603.04993].
[66] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer et al., The
automated computation of tree-level and next-to-leading order differential cross sections,
and their matching to parton shower simulations, JHEP 07 (2014) 079, [1405.0301].
[67] NNPDF collaboration, R. D. Ball et al., Parton distributions for the LHC Run II, JHEP
04 (2015) 040, [1410.8849].
19
[68] A. Alloul, N. D. Christensen, C. Degrande, C. Duhr and B. Fuks, FeynRules 2.0 - A
complete toolbox for tree-level phenomenology, Comput. Phys. Commun. 185 (2014)
2250–2300, [1310.1921].
[69] T. Sjostrand, S. Mrenna and P. Z. Skands, PYTHIA 6.4 Physics and Manual, JHEP 05
(2006) 026, [hep-ph/0603175].
[70] DELPHES 3 collaboration, J. de Favereau, C. Delaere, P. Demin, A. Giammanco,
V. Lematre, A. Mertens et al., DELPHES 3, A modular framework for fast simulation of a
generic collider experiment, JHEP 02 (2014) 057, [1307.6346].
[71] M. Cacciari, G. P. Salam and G. Soyez, FastJet User Manual, Eur. Phys. J. C72 (2012)
1896, [1111.6097].
[72] S. Hoeche, F. Krauss, N. Lavesson, L. Lonnblad, M. Mangano, A. Schalicke et al.,
Matching parton showers and matrix elements, in HERA and the LHC: A Workshop on
the implications of HERA for LHC physics: Proceedings Part A, pp. 288–289, 2005,
hep-ph/0602031, DOI.
[73] M. Czakon and A. Mitov, Top++: A Program for the Calculation of the Top-Pair
Cross-Section at Hadron Colliders, Comput. Phys. Commun. 185 (2014) 2930,
[1112.5675].
[74] N. Kidonakis, Theoretical results for electroweak-boson and single-top production, PoS
DIS2015 (2015) 170, [1506.04072].
[75] F. Maltoni, D. Pagani and I. Tsinikos, Associated production of a top-quark pair with
vector bosons at NLO in QCD: impact on ttH searches at the LHC, JHEP 02 (2016) 113,
[1507.05640].
[76] Measurement of the Production Cross Sections of a Z Boson in Association with Jets in pp
collisions at
√
s = 13 TeV with the ATLAS Detector, Tech. Rep. ATLAS-CONF-2015-041,
CERN, Geneva, Aug, 2015.
[77] T. Gehrmann, M. Grazzini, S. Kallweit, P. Maierhfer, A. von Manteuffel, S. Pozzorini
et al., W+W− Production at Hadron Colliders in Next to Next to Leading Order QCD,
Phys. Rev. Lett. 113 (2014) 212001, [1408.5243].
[78] F. Cascioli, T. Gehrmann, M. Grazzini, S. Kallweit, P. Maierhfer, A. von Manteuffel et al.,
ZZ production at hadron colliders in NNLO QCD, Phys. Lett. B735 (2014) 311–313,
[1405.2219].
[79] M. Grazzini, S. Kallweit, D. Rathlev and M. Wiesemann, W±Z production at hadron
colliders in NNLO QCD, Phys. Lett. B761 (2016) 179–183, [1604.08576].
[80] C. Lester and D. Summers, Measuring masses of semiinvisibly decaying particles pair
produced at hadron colliders, Phys.Lett. B463 (1999) 99–103, [hep-ph/9906349].
[81] A. Barr, C. Lester and P. Stephens, m(T2): The Truth behind the glamour, J.Phys. G29
(2003) 2343–2363, [hep-ph/0304226].
20
[82] P. Meade and M. Reece, Top partners at the LHC: Spin and mass measurement, Phys.Rev.
D74 (2006) 015010, [hep-ph/0601124].
[83] C. Lester and A. Barr, MTGEN: Mass scale measurements in pair-production at colliders,
JHEP 0712 (2007) 102, [0708.1028].
[84] W. S. Cho, K. Choi, Y. G. Kim and C. B. Park, Gluino Stransverse Mass, Phys.Rev.Lett.
100 (2008) 171801, [0709.0288].
[85] W. S. Cho, K. Choi, Y. G. Kim and C. B. Park, Measuring superparticle masses at hadron
collider using the transverse mass kink, JHEP 0802 (2008) 035, [0711.4526].
[86] A. J. Barr, B. Gripaios and C. G. Lester, Weighing Wimps with Kinks at Colliders:
Invisible Particle Mass Measurements from Endpoints, JHEP 0802 (2008) 014,
[0711.4008].
[87] B. Gripaios, Transverse observables and mass determination at hadron colliders, JHEP
0802 (2008) 053, [0709.2740].
[88] M. M. Nojiri, Y. Shimizu, S. Okada and K. Kawagoe, Inclusive transverse mass analysis
for squark and gluino mass determination, JHEP 0806 (2008) 035, [0802.2412].
[89] P. Konar, K. Kong, K. T. Matchev and M. Park, Dark Matter Particle Spectroscopy at the
LHC: Generalizing M(T2) to Asymmetric Event Topologies, JHEP 1004 (2010) 086,
[0911.4126].
[90] P. Konar, K. Kong and K. T. Matchev,
√
sˆmin : A Global inclusive variable for
determining the mass scale of new physics in events with missing energy at hadron
colliders, JHEP 03 (2009) 085, [0812.1042].
[91] P. Konar, K. Kong, K. T. Matchev and M. Park, RECO level
√
smin and subsystem
√
smin:
Improved global inclusive variables for measuring the new physics mass scale in /ET events
at hadron colliders, JHEP 06 (2011) 041, [1006.0653].
[92] A. Papaefstathiou and B. Webber, Effects of QCD radiation on inclusive variables for
determining the scale of new physics at hadron colliders, JHEP 06 (2009) 069,
[0903.2013].
[93] A. Papaefstathiou and B. Webber, Effects of invisible particle emission on global inclusive
variables at hadron colliders, JHEP 07 (2010) 018, [1004.4762].
[94] A. K. Swain and P. Konar, Constrained
√
Sˆmin and reconstructing with semi-invisible
production at hadron colliders, JHEP 03 (2015) 142, [1412.6624].
[95] A. K. Swain and P. Konar, Mass determination and event reconstruction at Large Hadron
Collider, Springer Proc. Phys. 174 (2016) 599–603, [1507.01792].
[96] C. Rogan, Kinematical variables towards new dynamics at the LHC, 1006.2727.
[97] M. R. Buckley, J. D. Lykken, C. Rogan and M. Spiropulu, Super-Razor and Searches for
Sleptons and Charginos at the LHC, Phys. Rev. D89 (2014) 055020, [1310.4827].
21
[98] CMS collaboration, S. Chatrchyan et al., Inclusive search for squarks and gluinos in pp
collisions at
√
s = 7 TeV, Phys. Rev. D85 (2012) 012004, [1107.1279].
[99] CMS collaboration, V. Khachatryan et al., Search for Supersymmetry Using Razor
Variables in Events with b-Tagged Jets in pp Collisions at
√
s = 8 TeV, Phys. Rev. D91
(2015) 052018, [1502.00300].
[100] CMS collaboration, S. Chatrchyan et al., Identification of b-quark jets with the CMS
experiment, JINST 8 (2013) P04013, [1211.4462].
[101] Fermilab Lattice, MILC collaboration, J. A. Bailey et al., |Vub| from B → pi`ν decays
and (2+1)-flavor lattice QCD, Phys. Rev. D92 (2015) 014024, [1503.07839].
[102] S. Gonzlez-Sols, P. Masjuan and P. Sanchez-Puertas, Insisting on the role of experimental
data: the pseudoscalar-pole piece to the (gµ − 2) and the |Vub| from B → pi`ν` differential
branching ratio, PoS Hadron2017 (2018) 090, [1802.05017].
[103] S. Gonzlez-Sols and P. Masjuan, Study of B → pi`ν` and B+ → η(′)`+ν` decays and
determination of |Vub|, 1805.11262.
[104] V. Cirigliano, J. Jenkins and M. Gonzalez-Alonso, Semileptonic decays of light quarks
beyond the Standard Model, Nucl. Phys. B830 (2010) 95–115, [0908.1754].
[105] T. Bhattacharya, V. Cirigliano, S. D. Cohen, A. Filipuzzi, M. Gonzalez-Alonso, M. L.
Graesser et al., Probing Novel Scalar and Tensor Interactions from (Ultra)Cold Neutrons
to the LHC, Phys. Rev. D85 (2012) 054512, [1110.6448].
[106] A. Khodjamirian, T. Mannel, N. Offen and Y. M. Wang, B → pi`νl Width and |Vub| from
QCD Light-Cone Sum Rules, Phys. Rev. D83 (2011) 094031, [1103.2655].
[107] C. Patrignani, Review of Particle Physics, Chin. Phys. C40 (2016) 100001.
[108] P. Biancofiore, P. Colangelo and F. De Fazio, On the anomalous enhancement observed in
B → D(∗)τ ν¯τ decays, Phys. Rev. D87 (2013) 074010, [1302.1042].
22
